ET-Kyoto solution (ET-K) is an extracellular-type organ preservation solution containing the cytoprotective disaccharide, trehalose. A previous study reported the supplement of dibutyryl cyclic adenosine monophosphate (db-cAMP) in conventional ET-K to attenuate lung ischemia-reperfusion injury. In this study, the efficacy of this modified ET-K for liver preservation was investigated by comparison with University of Wisconsin solution (UW). ET-K was supplemented with db-cAMP (2 mmol/L). Lewis rats were randomly assigned to two groups, and liver grafts were flushed and stored at 4°C for 24 h with ET-K or UW before syngeneic liver transplantation. The graft function and histological changes at 4 h posttransplant as well as 7-day survival were evaluated. Recipient rat survival rate was significantly higher in the ET-K group than in the UW group. Preservation in ET-K resulted in a significant reduction in serum parenchymal transaminase level and promotion of bile production in comparison with UW. The serum hyaluronic acid level, an indicator of sinusoidal endothelial cell injury, was significantly lower after ET-K preservation than that in UW. Histologically, at 4 h after transplantation, the liver grafts preserved in UW solution demonstrated a greater degree of injury than those in ET-K, which appeared to be apoptosis, rather than necrosis. The continuity of the sinusoidal lining was better preserved in ET-K than in UW. In conclusion, ET-K supplemented with db-cAMP is superior to UW in rat liver preservation. This modified ET-K might therefore be a novel candidate for the procurement and preservation of multiple organs.
INTRODUCTION
Several different preservation solutions have been developed to minimize cold ischemia-reperfusion injury. To date, flushing and storage of liver by University of Although liver transplantation has already been established as a therapeutic approach for end-stage liver dis-Wisconsin solution (UW) has been regarded as the gold standard for clinical liver preservation. Despite increases ease, primary nonfunction or initial poor function of the graft remains a serious complication after transplanta-in the preservation time and improved protection against preservation injury, UW still has some disadvantages. tion, leading to significant morbidity or mortality (9, 33, 37, 38) . A major cause of graft dysfunction is cold ische-First, its high viscosity may make the initial flush difficult, resulting in an inadequate perfusion of the graft (7, mia-reperfusion injury, as it is observed more frequently after prolonged preservation (34) . During preservation 43) . Second, some contents (such as the free radical scavenger glutathione) are chemically unstable and need in a hypothermal storage solution, liver grafts undergo functional and morphological alterations, including to be stored at 4°C until use (26). Third, high K + may induce blood vessel constriction, thus leading to hetero-adenosine triphosphate depletion, cell swelling, and degeneration of cell membranes in a time-dependent fash-geneous perfusion during procurement and impaired vascular relaxation after extended preservation (32) , and ion, especially in sinusoidal endothelial cells (SEC), thus leading to microcirculation failure upon subsequent nor-it also must be washed out of the graft before reperfusion (25). mothermic reperfusion (18, 30, 36) . ET-Kyoto solution (ET-K) is an extracellular-type operation. All experiments were conducted according to the Guide for the Care and the Use of Laboratory Ani-trehalose-containing organ preservation solution. Unlike UW, it has a low viscosity, low K + concentration and it mals of the institute. is chemically stable. Although ET-K was initially devel-Preservation Solutions oped for lung preservation (4), its effectiveness on preservation of kidney (51), skin (49), and muscle flaps (52), UW (ViaSpan; DuPont Pharmaceutical, Wilmington, as well as islets (29), has also been confirmed. In the DE) and a modified ET-K were used for perfusion and lung, ET-K prevents preservation-reperfusion-induced preservation of the liver. This modified ET-K included vacuolization and protrusion of endothelial cells, inhibits db-cAMP (2 mmol/L; Dai-Ichi Pharmaceutical Co., lung edema, and provides better oxygenation ability than Ltd., Tokyo, Japan), which was added just before use. that of Euro-Collins solution (4). In the kidney, ET-K Unlike UW, ET-K is chemically stable and can be stored achieves a more uniform initial vasculature flush than at room temperature. Their compositions and other fea-Euro-Collins solution and UW, and prevents tubular and tures are shown in Table 1 . glomerular injury (51). Furthermore, "New ET-K solu-Experimental Groups tion" produced by adding N-acetylcysteine, nitroglycerin, and dibutyryl adenosine 3′,5′-cyclic monophos-Animals were randomly assigned to two experimenphate (dibutyryl cAMP, db-cAMP) to ET-K has shown a tal groups: the ET-K group, in which syngeneic liver better efficacy in lung preservation, extending lung cold transplantation was performed after 24 h of preservation preservation time to 30 h in a canine model (48). In in ET-K supplemented with db-cAMP, and the UW clinical application, ET-K has already been used in lung group, in which liver grafts were preserved in UW for transplantation with db-cAMP and nitroglycerin supplethe same period and transplanted. In a series of prelimimentation just before flushing the pulmonary vasculanary experiments, survival rates of rats with liver transture (31). plants were 100% under 12 and 18 h of cold preserva-As a modification in New ET-K solution, db-cAMP tion in either UW or conventional ET-K and markedly is a membrane-permeable cAMP analog that is deacyldecreased after 24 h of cold preservation. We therefore ated after its entry into the cell, changing to cAMP (19) . chose 24 h as an extended preservation time after which The cAMP functions as an intracellular second messenliver injury is usually profound and irreversible. ger and has a protective effect on the vascular endothe-Transplantation Procedure lium. We previously reported that addition of db-cAMP in ET-K attenuated lung ischemia-reperfusion injury Orthotopic liver transplantation was performed under based on ultrastructural changes of endothelial cells and ether inhalation. The donor liver was flushed in situ at lung function (27, 44) . The efficacy of db-cAMP against a pressure of 15 cm H 2 O and preserved at 4°C for 24 h liver cold preservation injury has also been reported by UW or db-cAMP-supplemented ET-K, respectively. (1,2,46). However, none of these studies has previously evaluated the in vivo effect of db-cAMP on liver transplantation models. free access to a standard chow diet and water before
In the UW group, donor liver was initially flushed by and lead citrate. The samples were observed by TEM (H-7000 Electron Microscope; Hitachi, Tokyo, Japan). Ringer's solution before harvest and finally rinsed before implantation. In the ET-K group, neither was neces-Terminal Deoxynucleotidyltransferase-Mediated dUTP sary because of the low viscosity and low K + properties Nick-End Labeling (TUNEL) Assay of ET-K. After preservation, liver graft was orthotopi-An apoptosis in situ detection kit (Wako Jyunyaku, cally transplanted in a recipient rat by the cuff technique Osaka, Japan) was used to evaluate nick-end labeling of of Kamada and Calne (17) , with minor modification.
DNA fragmentation in paraffin-embedded sections of Briefly, both the superior and inferior hepatic vena cava the grafts. Positive and negative controls were prepared were anastomosed by running suture. The portal vein using serial sections pretreated with deoxyribonuclease was connected by a polyethylene cuff and the bile duct I and staining without deoxynucleotide substrate, respecby a stent. In all cases, anhepatic time was less than 14 tively. A hematoxylin counterstain was used for discrimmin and the vena cava clamping time less than 25 min.
ination of hepatocytes and SECs. TUNEL positive cells The rats used for the survival studies were allowed to were counted in 10 randomly chosen high-power fields recovery without further treatment (n = 8 /group). The at original magnification of 400× per section, and aposurvival rate was determined 7 days after transplantaptosis was expressed as the percentage of TUNEL-position. The others were sacrificed at 4 h after transplantative cells per the total number of hepatocytes or SECs. tion for in vivo examinations of graft function and viability (n = 5 /group).
Immunofluorescence Staining In Vivo Observations
Platelet-endothelial cell adhesion molecule-1 (PECAM-1, CD31) is highly expressed at endothelial cell-cell At 4 h after transplantation, the recipient rats were junctions and is considered as a commonly used marker reanesthetized by IP injection of ketamine. Bile was colof endothelial cells. In the liver, PECAM-1 is localized lected for 15 min to measure the bile flow rate. Then to the sinusoidal lining. Neither hepatocytes nor hepatic blood samples were taken from the inferior vena cava stellate cells express PECAM-1 (28) . Immunofluoresto measure serum ammonia, aspartate aminotransferase cence staining of PECAM-1 in sinusoidal ling cells was (AST), alanine aminotransferase (ALT), lactic dehydroperformed following TUNEL staining with paraffingenase (LDH), hyaluronic acid (HA), as well as serum embedded sections. Briefly, the sections were exposed K + concentration. Finally, the grafts were perfused via to the blocking solution for 1 h and then incubated with the portal vein at a rate of 10 ml/min by 20 ml phosa mouse monoclonal antibody against rat PECAM-1 phate-buffered saline (PBS) at 37°C, which has been (Santa Cruz Biotechnology, Santa Cruz, CA, USA). proved to cause no alteration to the histological parame-Then the sections were incubated for 1 h with the secters, including apoptosis (24) . The specimens of the ondary rabbit anti-mouse antibody (Dako, Denmark) transplanted livers were subjected to further treatment conjugated with FITC (1:250, dilution). The signal was for morphological examinations using light microscopy amplified by using CSA system (Dako). Thereafter, secand transmission electron microscopy (TEM). An indetions were washed with PBS, mounted in vectashield, pendent pathologist performed the histological examinaand viewed under a fluorescence microscope (Zeiss). tions in a blinded manner.
Alterations in PECAM-1 expression were observed to TEM Examination evaluate the sinusoidal lining cell injury. The left lobe of the liver was removed and placed in Statistical Analysis 10% formalin for 24 h and submitted to paraffin embed-
The values of parameters were expressed as the mean ding and hematoxylin and eosin staining. The remnant ± SD. Statistical analyses were performed using the liver was perfused with 2% glutaraldehyde in 0.1 M StatView software program (SAS Institute Inc., Cary, phosphate buffer. The specimens for TEM were cut to NC, USA). The statistical difference in values between 1 × 1 × 1 mm and fixed with 1.44% paraformaldehyde groups was determined using Student's t-test. The statisand 1% glutaraldehyde in 0.1 M phosphate buffer until tical difference in survival was determined by Fisher's use. The specimens were washed in 0.1 M phosphate exact test. Values of p < 0.05 were considered to be sigbuffer and 0.1 M sucrose at 4°C five times per 30 min nificant. and overnight. Next, they were postfixed with 1% osmium tetroxide in 0.1 M phosphate buffer and 0.1 M RESULTS sucrose for 1.5 h. Subsequently, they were dehydrated Animal Survival with staged ethanol and were treated with propylene oxide. The Luft method was used for embedding. Ultrathin
Because the survival of the recipients directly reflects the preservative efficacy of each solution, the 7-day sur-sections were cut 80 nm thick to stain with uranylacetate vival after transplantation was first examined with 24-h Histological Findings preserved liver grafts. Only two of eight rats in the UW At 4 h after reperfusion, HE staining revealed that group survived. In contrast, seven of eight recipient rats liver grafts preserved in UW were more susceptible to from the ET-K group survived for more than 1 week.
ischemia-reperfusion injury than those in ET-K ( Fig. 3) . Survival in the ET-K group was significantly better than
The SECs were often rounded and detached. Accordthat in the UW group (p < 0.05) (Fig. 1 ). There were no ingly, there was a prominent disturbance in the microcirsignificant differences in animal weight, anhepatic time, culation in the UW preserved liver grafts, which was and operation time between the two groups. The nonsurcharacterized by irregular hepatic cords, a dilation of the viving animals in both groups died within 3 days after sinusoidal space, sinusoidal congestion, and hemorrhage.
transplantation. Massive pleural effusions and ascites
In contrast, the hepatic cord arrangement remained norwere found without frank blood. One rat in the ET-K mal in the ET-K preserved grafts. The SECs were relagroup died on posttransplantation day 3 with a massive tively well preserved and sinusoidal congestion was liver infarction.
mild. There was less microvesicular degeneration in the hepatocytes. Single cell killing with apoptotic body for-Serum Biochemistry and Bile Production mation, which appears to be apoptosis, rather than necrosis, was found scattered mainly in UW preserved At 4 h after transplantation, serum K + concentrations liver grafts. No necrotic area was, however, observed in were comparable between the two groups (ET-K 4.07 ± either group at this time point. 0.62 mEq/L, UW 4.33 ± 0.92 mEq/L; not significant). Hepatocyte injury, as assessed by ALT, AST, and LDH Evaluation of Ultrastructural Changes levels, was significantly less in the ET-K group than in the UW group (ALT: ET-K 527 ± 88 IU/L, UW 1728 ± TEM was used to analyze the ultrastructure of the 380 IU/L, p < 0.01; AST: ET-K 681 ± 90 IU/L, UW 24-h preserved liver grafts at 4 h after transplantation 1652 ± 292 IU/L, p < 0.01; LDH: ET-K 1105 ± 352 IU/ for further evaluation of morphological changes in the L, UW 4796 ± 1059 IU/L, p < 0.01) ( Fig. 2A-C) . The SECs and hepatocytes. Although hepatocyte necrosis serum HA levels, reflecting the injury of the SEC, were was hardly observed in either group, a deterioration of also significantly lower in the ET-K group (1988 ± 791 hepatocytes (pyknosis, mitochondrial edema, and vacuong/ml), in comparison to UW (2809 ± 673 ng/ml) (p < lar change) was observed more frequently in the UW 0.05) (Fig. 2D ). Blood ammonia and bile output were group than those in the ET-K group. Consistently, TEM assessed as indicators of the liver function. Although revealed severe SEC injury in the UW group, as well as there was no significant difference in the ammonia levthe loss of sinusoidal lining integrity. Most of the SECs els between the two groups at this time point (ET-K 255 ± in the UW group exhibited typical features of cold pres-20 µg/dl, UW 252 ± 22 µg/dl, p > 0.05) ( Fig. 2E) , the ervation injury, such as rounded nuclei, surface bleb forbile output was significantly higher in the ET-K group mation, and detachment from the underling hepatocytes, (702 ± 125 µl/kg/min) than that in the UW group (489 indicating a profound damage and an impaired recovery ± 108 µl/kg/min) (p < 0.05) ( Fig. 2F ).
of SECs from cold ischemia. Moreover, nucleus condensation and apoptotic bodies, which reflect apoptotic cell killing, were also found in some SECs. Kupffer cells were activated with numerous lysosomes and phagocytic bodies. However, in the ET-K group, these changes were observed less frequently and the integrity of the sinusoidal lining was often well preserved. Figure 4 shows the representative TEM images in the UW and ET-K groups.
Evaluation of Apoptosis and Sinusoidal Lining Continuity
The apoptosis of liver cells were quantitatively evaluated by using the TUNEL assay. At 4 h after transplantation, the percentage of apoptotic SECs was significantly decreased in the ET-K group (4.6 ± 1.00%) compared in comparison with that in the UW group (1.4 ± 0.61%) 1 along the sinusoids with less sinusoidal congestion and fewer apoptotic cells (Fig. 5 ). (p < 0.05).
PECAM-1 is highly expressed in endothelial cell-DISCUSSION cell junctions and is essential for maintenance of the continuity of the sinusoidal lining. In the current study, In this study, the efficacy of a modified ET-K solution on liver preservation was evaluated. The results in-PECAM-1 expression was assessed by immunofluorescence at 4 h after transplantation. In the UW preserved dicate that the modified ET-K supplemented with db-cAMP is superior to the UW solution for prolonged liver grafts, the PECAM-1 expression decreased, irregularly, and was accompanied with severe sinusoidal congestion, preservation. The preservation in this modified ET-K led to a significant reduction of liver enzyme release and a thus indicating the disturbance of the microcirculation directly associated to the loss of integrity of sinusoidal promotion of bile production early after reperfusion, and resulted in an improvement of recipient animal survival lining cells. In association with the decrease in the expression of PECAM-1, TUNEL-positive hepatocytes in comparison to that of UW. Further morphological analyses demonstrated that the modified ET-K dimin-and SECs were also abundant in the UW-preserved liver grafts. On the other hand, the ET-K-preserved grafts ished apoptosis induced by preservation injury in both hepatocytes and SECs. The integrity of the sinusoidal demonstrated a relatively intact expression of PECAM- lining in liver graft was also well preserved in the modi-cell swelling. UW solution uses lactobionate (molecular weight 358 kDa), an anion of relatively larger molecular fied ET-K. Therefore, modified ET-K is effective in the storage of liver graft and provides beneficial protection mass, for the same purpose. Third, ET-K has an extracellular ionic composition. The earlier studies reported against injury caused by prolonged preservation.
Several potential mechanisms may contribute to the that ET-K protects vascular endothelial cells from preservation injury better than an intracellular-type treha-protective effects of ET-K [reviewed in Chen et al. (10) ]. First, ET-K solution contains trehalose instead of raffi-lose-containing IT-Kyoto (IT-K) solution in canine lung preservation (4,20,21). ET-K is also superior to IT-K nose in UW solution. Trehalose is a nonreducing disaccharide that is abundant in many prokaryotes, fungi, and UW solutions in preservation of murine endothelial cells (16) . The current K + concentration in ET-K (44 yeasts, some desert plants, and body fluid of insects. It protects the cells under various nonphysiological condi-mmol/L) has been proved to be optimal in the prevention of endothelial cell deterioration during lung preser-tions by stabilizing the cell membrane and creating a stable environment around the cells. In a previous study, vation (47). Supplement of db-cAMP, a component in "New ET-trehalose demonstrated a cytoprotective effect superior to glucose (monosaccharide) and raffinose (trisaccha-K solution" (48), has already shown a better protection of endothelium after lung preservation (3,27,44). In the ride) in experimental lung preservation (45). Second, cell impermeant gluconate (molecular weight 196 kDa) liver, preservation injury is characterized by loss of SEC viability and activation of Kupffer cells upon reperfu-is used as an anion to suppress hypothermically induced sion. It is believed that SECs are more vulnerable to lower after cold preservation in the db-cAMP-modified ET-K and in vivo reperfusion than those in UW. HA cold preservation than hepatocytes. One potential strategy for limiting endothelial dysfunction is to enhance is a high molecular weight polysaccharide synthesized mainly by mesenchymal cells and taken up from the cir-the endogenous protective signaling pathway. The second messenger cAMP protects endothelial cells in main-culation mainly by the SECs of the liver. An elevation of serum HA indicates a cytolysis as well as a functional tenance of the vascular barrier function in the graft and prevention of endothelial cell dysfunction during ische-impairment of SECs. Therefore, the db-cAMP-modified ET-K provides better protection than UW on SECs against mia-reperfusion (50), probably through its inhibitory effect on cytokine receptor-mediated proinflammatory sig-ischemia-reperfusion injury. This observation has also been confirmed by histological examinations showing naling pathway (35). db-cAMP is a membrane-permeable cAMP analog that is deacylated to cAMP after its entry better preservation of SECs and improvement of microcirculation. Consequently, hepatocellular ischemia-reper-into the cell. The efficacy of db-cAMP against liver cold preservation injury has been reported in isolated liver fusion injury as indicated by serum AST, ALT, and LDH decrease and animal survival improvement. perfusion models (1,2,46). However, this study is the first attempt to evaluate db-cAMP and ET-K in rat liver Furthermore, a rapid recovery of the hepatocyte function has been observed in ET-K-preserved liver graft, by transplantation, and this combination was thus found to result in a better preservation than that by UW solution.
means of higher bile production early after reperfusion than those preserved in UW. Interestingly, such a phe-In this study, the serum HA levels were significantly nomenon has been frequently documented when liver (13) . In the present study, apoptosis of SECs was confirmed morphologically by TEM examination. Further-preservative efficacy of a low-K + UW solution was compared with a high K + UW, as well as an extracellular-more, apoptosis was significantly inhibited in the ET-K group, thus indicating that ET-K is superior to UW in type electrolyte solution compared with an intracellulartype one (5, 6, 39, 41) . The intracellular ion composition the protection of SEC viability. On the other hand, studies conducted by others indicate that SEC death during of UW has been considered to prevent cation flux and cell swelling during organ preservation. However, this ischemia-reperfusion injury occurs through the pathway of necrosis (15). Beside the difference of methods and concept has been challenged based on evidence that extra-and intracellular cation concentrations do not equili-models used, the discrepancy can be explained, at least in part, by the fact that apoptosis and necrosis may share brate even after 24-h cold storage (42) . Moreover, solutions with high K + concentrations may alter the endothelial some common cellular pathways to cell death (23). In understanding the present study, it is possible that the membrane potential and impair vascular relaxation after extended preservation (32) . After reperfusion, high K + extent of apoptosis might be overestimated by TUNEL assay, because DNA strand breaks also occur during ne-induced vasoconstriction may lead to a disturbance of liver microcirculation as well as the restoration of en-crosis and this method may also stain necrotic cells (14) . Similarly, an examination of the DNA ladder cannot dif-ergy in hepatocytes and result in the delayed recovery of liver function.
ferentiate apoptosis from necrosis. Using morphological standards, such as the presence of apoptotic bodies, Apoptosis of SEC is a critical mechanism in posttransplant graft failure after prolonged cold preservation could therefore be more reliable; however, it may also lead to an underestimation because apoptosis is a tran-preservation-reperfusion injury. The results confirmed the enhancement of the endogenous protective signaling sient event and apoptotic bodies are rapidly eliminated by phagocytosis.
pathway by db-cAMP to be a potential protective strategy for limiting SEC dysfunction. The defects in conti-It has recently been proposed that PECAM-1 binding between endothelial cells maintains endothelial integrity nuity of endothelial lining, as detected by PECAM-1, and the delayed recovery of biliary function are the sen-and prevents apoptosis during septic shock (8, 22) . In this study, the PECAM-1 expression was found to dra-sitive indicators for liver preservation injury. These findings may give a useful clue to the understanding of de-matically decrease in the UW group even though most of SECs had not yet undergone apoptotic or necrotic sign and evaluation of novel preservation solutions for liver preservation. On the other hand, in comparison to death at this early time point. This finding indicated that the cell-cell junction had already been seriously dam-continuous machine perfusion, simple cold preservation still has disadvantages, such as the lack of a constant aged and the continuity of sinusoid lining was thus lost. This result was also consistent with the electron micros-energy supply and the accumulation of metabolic waste. Novel methods therefore need to be considered as ideal copy findings. While typical SEC death by either necrosis or apoptosis was still rare, characteristic cell injuries organ preservation to store organs infinitely.
In conclusion, the db-cAMP modified ET-K is supe-such as discontinuity, detachment, and bulb formation were frequently documented in the UW-preserved liver rior to UW solution and allows a prolonged preservation of the liver. This promising result encourages us to ex-grafts. Therefore, the loss of PECAM-1 expression is regarded as a sensitive index of SEC injury. amine its efficacy in clinical liver transplantation. It may prove to be a feasible alternative to UW solution in liver In this study, an initial flush with Ringer's solution was performed before the liver was perfused with UW preservation. During procurement and implantation, ET-K has a practical advantage over UW that neither a pre-during procurement. An initial flush with UW solution may induce vasoconstriction and endothelial damage be-harvest flush nor prereperfusion rinse is necessary because of its low viscosity and low K + concentration. cause of its high K + content and viscosity (43, 51) , thus leading to an irregular distribution of the solution and Furthermore, in view of the accumulated evidence that this solution was found to be effective in the preserva-incomplete flushing of blood components from hepatic vascular beds (40). The high K + also must be rinsed out tion of he lung, kidney, and islets, ET-K may therefore be a novel candidate for the procurement and preserva-before implantation. However, the final rinse by Ringer's solution may cause additional damage of the liver tion of multiple organs. graft. It has been reported that the final rinse is harmful REFERENCES in rat liver transplantation, whereas no rinse is associ-
